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AERODYNAMICSTUDYOFA WING4USELAGECOMBINATIONEMPLOYINGA WIZW

SWEPTBACK630.–IN’VZWICATIONAT A MACHNUMBEROF 1.53TO

DEEERMTWTHEEFEEC!lBOFCAMB~ AHDTKEWING’I!W

mm FoIimom mm ATA LmT comrmcmm OF 0.25

Testshavebeen
fuselageconibinatim

ByRobertT.Madden

yerformedat a Machnuniberor L 53witha wing–
havinga wingwith630kading+xlgesweep,

an aspectratioof 3.46,anda taperratioof0.25. Thiswinghadan
NACA64AO05thicknessdistributionparallelto theplaneof symmetry
andwascemberedandtwisted.TheprincipalobJeotof theinvesti–
gationwastodeteminetheeffectsof cemiberandtwiston themaximum
lift-dragratioandpitchiwment chamcteristics.Theresults
obtainedfrm thesetestsarecomparedwiththoseofa preceding
investigationemployingthesamefuselageandwingplanformbutwith
a winghavingan NACA64M06 thiclmessdistributionandno camiberor
twist. Testswerealsoperformedto determinethecharacteristics
of configurationsobtainedby rotatingthe@ered, twistedwing
panelsto 670and700leading+dgesweep.TheeffectsofReynolds
numberwerealsoinvestigated.

At a Reynoldsnumberof0.84million,thethinner,cambered,and
twisted-wingconfigurationwith.63°leadin&edgesweephada maximum
lift-dragratioof8.3as comparedwith7.2forthesimilarconfigu-
rationoftheearlierinvestigation.E&isincreaseresultadfrm a
decreaseinminimumdragcoefficient,a displacementoftheminimum
ofthedragcurvetoa positiveliftcoefficientanda decreasein
therateofdragrisewithincreasedliftcoefficient.Althoughthe
totalcenter+f-lifttravelwasgreaterforthecambered+?ingconfigu–
ration,thechangeincente~f-liftlooatimwithliftcoefficient
nearthatformaximumlift+ragratiowasreduced.

As intheearlierinvestigation,thesweepangleformaxhum
lift-dragratioata IVkchnumberof1.53wasfoundtobe approximately
670. Thema@.tudeofthemaxtiumMPt+iragratioincreasedwith

.
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increasedReynoldsnumber.Valuesof7.3and8.3 wereobtainedat
Reynoldsnumbersof0.62and0.8kmillion,respectively,withthe63°
wingconfiguration,andvaluesof6.6,7.7,and9.0wereobtainedat
Reynoldsndmrs of0.31,0.62, and0.95million,respectively,with
the67° configuration.Theseresultsindicatithatfurthertiprove-
mentmaybe eqpeotedatReynoldsnumbersbeyondtherangeof the
small-scaletests.

,,

.

INTRODUCTION

Thisreportistheseuondorfa seriesoftestswhichhavebeen
madeat a Maohnumberof 1.53todeterminethelift,drag,andpitching-

—

momentcharacteristicsofwing-fusekgeconfigurationsusingwingswith
largeanglesofsweepbaok.Theoriginalconfiguration,designedwith
thetheoreticalresultsof reference1 as a guide,hada wingwith630
of leadlng-edgesweep,anaspectratioof 3.42,a taperratioof0.25,
andanNACA6kAO06sectionparallelto theplaneofsymmetq. The
fuselagehada finenessratioof.X2.5.Theexperimentalresultsobtained
withthisconfigurationat a Maohnumberof1.53arepresentedin
referenoe2,whereintheeffectsofReynoldsnumberandtheeffeotsof

. varyingthesweepangleby rotatingthewingpanelsaboutthemidpoint
oftherootohordarealsodiscussed.Theaerodynamiccharacteristics
oftheoriginalconfiguration(63°sweep)arealsobeingstudiedat ●

subsonicandlowersupersonicspeeds;theresultsobtainedtodateare
presentedinreferences3 and4.

“
me lineartheoryindicatedthatvaluesofmaximumlift-dragratio

greaterthan10to1 couldbemaintainedwiththisccmibinationup to
Maohnumbersofapproximately1.5. Theresultsof testsshowed,
however,thatthemaximumlift-dragratiowaslessthanpredictedby
theory.At lowliftooeffioients,therateofdzaginoreasewithlift
coefficientwasgreaterthanprediotedby theinviscidtheory,and
furthermore,thestaticlongitudimlstabilitywaslessthantheory
indicated.Thesediscrepancieswereattributedtoboundary-layer
separation.Thisseparationwascausedby the=ture of thechordwise
pressuregradientswhiohtheoryindioatesarehighlyadverseoverthe
wingareaneartheleadingedgewhenthewingisatmoderateangles
ofattack.Theadversegradientsarethegreateat,andthereforethe
mostdetrimental,on theoutboardsectionsbe~usethsinducedupwash
increaseswithdistancefromtherootchord,Thesepressuregradients
nearthetipweresoadversethattheboundarylayerremainedseparated
overtheentireohordat relativelylowanglesofattack.Theaccon+
WIX@K 10SSof liftandincreaseindragwereresponsibleforthe
discrepanciesnotedin reference2.

w

.
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Itwasconsideredprobablethatsomeimprovementintheaer~
-c characteristicsof tiisconfigurationwouldresultifthe
natureoftheyressuredistributionduetoangleofattackwere
modifiedto decreasetheadversepressuregradients.A yossible
meansof decreasingtheinfluenoeofthepressuredistributionwas
showninreference1,wherecamberandtwistwereusedtoobtaina
Unifol?lnliftingpressuredistribution(neutzalpressuregradients)
at a specifiedliftcoefficientandWch number.~Sing thiS method,
a cszibered,twistedwingwasdesignedwhichhadthesamewingplan
formasthebasicconfigurationof theprecedinginvestigation.It
isthepurposeofthepresentreportto describethetestsoonducted
withthemodifiedwingat a Machnumberof1.53todeterminethe
effectsofwxuiberandtwiston themaximumlift-dregratioand
pitohing+mmentcharacteristics.As inthepreviousinvestigation,
theeffectsofvariationsin sweepandReynoldsnuniberonthese
parameterswerealsostudied.

sYmoIs

BasicSynibols

A

b

c

Cr

Ct

()aspectratio b;

wingsp,nmeasuredperpendiculartoplaneof symmetry,
inches

wingchordmeasuredparalleltoplaneof symmetry,inches

(’ ‘)Lb”c’u , inchesmeanaerodynamicchord

omeangeometricchord ~ ,

wingrootchord(inplaneof

wingtipchord,inches

/

inches

sy?metry),inches
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totaldragooeffioient
()
dnag
~

minimumtotal*g coefficient

rise

lift

lift

intotaldragooeffioientaboveminimum

ooeffioient
()
lift
g

ooeffioientformaximumlift-dragratio

lift-ourveslope,yerradianunlessotherwise

-.
.oha e inliftooeffioientfromvalueforminimumdrag

F*D=4 .

dreg-risefaotor

uimum lift-dragratio

pitohing+cxuent ooeffioientabout25 peroentmean
aerodynsmioohord

(pitohingmomentabout25 percentmeanaerodynamicohordq$z )

nomal-foroeooeffioient
( )
norml force

@
.

.
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m

Mn

locationofmsximmairfoilthickness,measuredfrom
leadingedgeinstreamwisedirection,inches

ratioofthecotangentofthesweepangleoftheleading
edgetothecotangentofthesweepangleoftheMach
line

Machnumbercorrespondingtovelocityocmrponentperpe~
diculartowingleadingedge

fre~treamdynamicpressure,poundspersquareinoh

Reynoldsnm?iberbasedonmeangeometricchordofwing

wingplan-formareaincludingtheareaobtainedby
extendingthewingleadingandtrailingedgesto the
fuselagecenterline,squareinches

maximumthicknessofairfoilsection,inches

free-streamvelocity,feetpersecond

distancefrommomentexisto centerof lift,inches

latemlcoordinate,inches

msximun”ordinateofmeancmiberline,inches.

sweepangleof leadingedge,degrees

II

~ Ohangein

lb’ resultantforce
&
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angleofattack,degrees

angleoftwist,relativetowingrootchord,degrees

changeinangleofattackfromvalueforminimumdrag,
degrees

reamardinclinationofthechangeinresultantforce
COI?3?0SpOn~IIgtO we (!hEUI@ in liftOoOffiGientML,
degrees

()amangleratio
x

Subsmipts

valueatminimumdrag

valueat zerolift

valueat optimumliftcoefficient

ModelConfigurations

Eachwing-fuselagecombinationis designatedby thelettersWF
followedby thenumberofdegreesof leading-edgesweep.Theletter
c hasbeenaddedafterthesweepangletodifferentiatethepresent
configurationsfromthoseoftheprecedinginvestigation(reference2).

DEW2RIE’TIONOFAFPARATUS

.

.

.

WindTunnelandBalance

TheinvestigationwasperfomedintQeAmesl-by 3-footsupersonic
t windtunnelNo.1,whichwasfittedtemporarilywitha fixednozzle

designedto givea Machnumberof1.5ina l-by 2-1/2%oottestsection.
Thetunnel,electricstrain-gagebalance,and instrumentationare
describedinreferences5 and6.

.—

.
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Models
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A photographofthemodelusedintheinvestigationisshownin
figure1 andthedesigndimensionsofthebasicconfiguration(63°
leadi~dge sweep)areshowninfigure2. Thefuselageandwing
planformarethesameas thoseofthebasicconfigurationinthe
testsofreference2. (Eecauseofthesmallmodelsizeandthe
methodofassemblingthewingsandfuselage,themodeldimensions
varyslightlyfromthoseofreference2 andfigure2. However,no
significantalterationinplanformresultsfromthesemall changes.)
In thedesignofthepresentwing,threemajorparameter%thewing
twist,thewing-sectioncamber,andthewlng+!ectionthiclmesswere
changedfromthevaluesusedfortheoriginalwingofreference2.
It isconvenienttoconsiderthechangesincarolerandtwisttogether
andthendiscussthechangeinwingthiclmess.

Thelocationofthesectionsforwhichmeancamberlinesand
anglesoftwistwerecalculatedareshowninfigure3. Theordinates
ofthesesections,whicharegivenintable1,weredeterminedby the
methoddiscussedby Jonesinreference1. In thatre~ortitIsshown
thatobliquevorticessweptat anglescorrespondingto theleading
andtrailingedgescanbe usedto determinethesurfaceshapenec—
essaryto obtaina uniformliftingyressuredistributionfora given
liftcoefficientandWch number.Thevaluesof0.25and1.53were
chosenas thedesignliftcoefficientand~ch number,respectively.
Thisv’alueofliftcoefficientwasselectedsinceitwasbelieved
thatitwouldbe closetothatformaximumlift-dragratioat a Mach
numberof1.53.As wasnotedinreference1,thecalculatedmean
camberlinesnecessaryto obtaina uniformliftingloadforthis
t~e ofwingplanformcloselyresemblethe a = 1.0 meancamber
line(seereference7)usedinsubsonicairfoildesign.Forthis
reasonthecalculatedmeancambertie at eachofthesections
showninfigure3,withtheexceptionofthatat theroot,wasapprox—
hated inthemodeldesignby a = 1.0 meanlinewhichhadtheseine
maxlmnzmcamberordinateaswasdeterminedby theory.

As wasalsodiscussedinreference1, theangleofattackofthe
sectionat thewingroottheoreticallymustbe 90°tomaintaina
uniformliftingpressuredistributionovertheentirewingat the
designcondition;thatis,iftheleadingedgeisassumedtobe fixed
ina horizontalplaneparallelto thefree-treemdirection,the
trailingedgeof thewingwouldbe directlybelowtheleadingedge
at therootsection.At thetip,thetrailingedgewouldbe above
theplaneinwhichtheleadingedgelies.
neartherootwhichtheoreticallyrequire

However,sincethesections
highvaluesof ~ are

.
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enclosedby thefuselage,thevariationrequiredby theorywasnot
maintainedinthisregion.Insteadjthetrailing-edgeyositionat
therootwasobtainedbyassuminga nearlylinearvariationof twist
inboardof thechora O1. TMs deviationgavea valueof2.45°for

●

theroot-seotionangleofattaok.Toprovidea convenientreference
forangle+f+ittackmeasurements,thewingwasrotateatogiveOo
inoiaenceat therootchordwhenreferredtothelongitudinalaxis
of thefuselage.Thecorrespondingtheoreti.oalangleofattackat
thetipwasthen-k.h~”forthedesignlod condition.Since,however,
thebendingofa swept-backwingunderloadcontributesan increment
of twistthecalculatedanglesoftwistwe,rered.uceaas shownin
figure4. Theprocedureusedto aeterminethetwistwithno loadwas
to subtractfromtheoaloulatedtwisttheamountexpectedfromtie
wingdeflectionat thedesignliftooeffioientfora tunnelpressure
of 18poundspersquarei,nohabsolute(q. = 7.7 lb/sqin.).At the
wing-tipsectiontheoalcwlatedangleof twistduetobendingwas
approximately-1.OOandthisvalueegreedcloselywiththatobsened
duringtunneloperation.Theanglesof twistshowninfiguze3 are
thosecalculatefornoaero@amicload.

Thethickness-ohordratioofthebaalcwingwasreducedinthe
presentinvestigationfrm thatuseawiththe63°sweptwingof
reference2. An NACA64AO05thicknessdistributionintiestream
directionwasusedinplaceofan NACA&AO06section.Thismodifi- .
oationwassuggestedby a considerationof theflowconditionsperpe~ .

diculartothewingleadingedge.As wasdiscussedinreference2,
thewingsectionperpendiculartotheleadingedgeofthe63°sweyt
wingwasapproximatelyU peroentthick.At a free-stresmhlaoh

.

numberof 1.53,correspondingtoa Wch numbernormaltotheleading
e~e ofO.@, itwasconsideredprobablethatconditionsassociated
withshockstallexistedovertheuppersurfaceat liftcoefficients
belowthatformaximumlift-dragratio.Therefore,mineimprovement
tightbe realizeabyreducingthethidrness-ohordratioof thewing
sectionperpendicularto theleadingedgetoapproximately9 percent
by usinganNACA6kAO05thicknessdistributioninthestreamdirection.
Itwasbelievedthatboththisreductioninthicknessandtheuseof
camberandtwistwoulddelaytoa higherliftcoefficienttheconditions
producingshookstall.

TO investigatethechamcteristicsof configurationswith67.00
and70.0°of leaaing-edgesweep,eaohhalfofthe63°wingwas
rotatedaboutthetidpointoftherootchord.Thechangesinwing
geometryresultingfromchangesinsweepareshownintableII.
In eachcasetheincidenoeofthewingrootchordwassetat 0°with
referencetothelongitudinalaxisofthefuselage.. — v

-.-. .—

.
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TESTMETHODS

Themethodsusedforobtainingtheexperimentalforcedataare
describedinreferences5 and6. Measurementsweremadeof lift,
dreg,andyitchingmomentthroughan angl~f-attackrangeof-2°to
8°at a Machnumberof 1.53. TheReynoldsnuuiberwasvaried.within
therangeof0.31to 0.95millionbasedonthemeangeometriochord.
Theliquid-filmtechniquewhichwasusedtodeterminethenatureof
theboundary-layerflowandthecorrectionsthatwereap@iedto the
Ata aredescribedindetailinreferenoe2. Theprecisionof the
experimentaldataisthesameas thatofreference6 andisas
follows:

Uncertainty Uncertainty
Quantity for ~=0 for ~ = 0.4

Liftcoefficient ii).002 &O.oo5

Dragcoefficient & .0004 ~ .0016

Pitching+aanent coefficient & .002 & .O11

Angleofattack

Thepresent
detemnihationof

* .11° & .150

RESUGTSANDDZWO’SS1ON

investigationisprimarilyconcernedwiththe
theeffectsofcamberandtwiston themaximum

lift-dragratioad pitching+mentcharacteristicsofa wing-
fuselageconibinationata Machnumiberof1.53. Thesubsequent
discussion,forthemostpart, consistsofa comparisonof the
characteristicsof theceaibered,twistedwingconfiguration
(WF-63C) studiedinthepresentinvestigationwiththecharac-
teristicsobservedinan earlierinvestigation(reference2)
witha syuunetricaluntwisted-wingconfiguration(WF-63)whichhad
thesamewingplanform. SincethemaximumliftA.ragratioof
eachconfigurationdependsupontheminimumdragcoefficient,the
liftcoefficientforminimumdrag,andthedrag-risefactor,the
dataarediscussedintermsof theseparameters.Therelationship
betweenthemisshownbythefollowingequations:
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()~D-= 2 [M#(ACL)2~(~opt - %min )
(1)

(2)

(we. GLD=tinequalszero,as itdoesfora spmetrioalwing,these
equationsreducetoequations(3)and(4)ofreferenoe2.) Slnoe
thedrag-risefaotorisrelatedto dCL/daand & as shownbythe
followingequation,

(3) .

.

theseparametersarealsodiscussed.Thecomparisonoftheresults
oftheforcetestswithWF-63CandWF-63islimltedtothedata
obtaine&ata Remoldsnuniberof0.84millionsinoesimilareffeots
were notedat thelowervalueinvestigated(0.62million).The
effeotsofRemoldsnumberandsweepobservedwiththeca?ribered,
twistedwingconfigurationsandthedifferencesbetweenthe
experimentalresultsandthoseoaloulatedhy thelineartheoryare
consideredonlybrieflybecausethesetrendsweresimilarto those
disoussedindetailinreferenoe2.

TableIIIsummarizestheexperimentalresultsobtainedwiththe
WF~30,WF-67C,andWF-70cconfigurationsatallReynoldsnumbers
investigatedandinoludes,forpurposesofc-risen, theresults
presentedinrefere.oe2 withtheWF-63configurationata Reynolds
nuniberof0.84million.Theoreticalvaluesof d~/da,ACD/(ACL)a,
and ~ arealsoinoludedforthe630and670sweytwings.Since
thelineartheoryindicatesthattheseparametersarenotaffeoted
by thickmess,camber,or twist,theyarethesameas thoselisted
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inreference2 for

...

identicaldan forms.Theoreticalvaluesforthe
otheraero@amicparameters‘hvenotbeendeteminedbecauseofthe
unlmowneffectsofwing+’uselageinterference.

ComparisonofLift,Drag,andPitching-Moment
C%aracteristiosofWF<3c andWF-63

Lift-curveslope.-Figure5 showstheexperbentalllftand
pitching+mnentcharacteristicsoftheWF-63CandWF-63configurations.
Alsoshown,forpurposesofcomparison,istheWF-63Cliftcurvewhich
hasbeenhorizontallydisplacedto
experhentalvalueof ~0

~asstmou@ theorigin.The
of1.2 forWF+53C.isassociatedwith

theselectionofthewingrootchordas theangle-f-attackreference.
As wasdiscussedpreviously,thischordwasarbitrarilysetat zero
incidenceto thelongitudinalaxisofthefusehge. Itwasobserved
inthetestsofreference8 thata positivelycambered,untwisted
wingsweytwithintheMachconehadpositivelfftat zeroangleof
attack.However,thewingtwistofWF-63c,issufficienttocause
a largerincrementofnegativeliftat zeroangleofattackofthe
rootchordthanisobtafnedas positiveliftthroughtheuseof
camber.

A comparisonoftheWF&3c displacedliftcurvewiththatfor “
WF-63showsthat,althoughtheslopenearzeroliftwasgreaterfor
thecambered,twistedwingconfiguration,therewasno.appreciable
changeinslopeabove CL = 0.10. Thedifferencenearzerolift
betweenthetwoccnfigurationsmakestheaverageslopesli@tlyhigher
forWI%3C,andthischangehassomebearingonthesubsequentdiscus-
sionof thedragrise.

Dra .-
9

Figure6 presentsthedragcurvesobtainedwithWF-63C
andWF 3. An additlormldragcurveisalsoshown,whichhasbeen
obtainedby displacingverticallythecurveforWF~3c hy thedif-
ferenceinminhumdragcoefficientobtainede~erimentallybetween
thetwoconfigurations.Thiscurveseparatestheeffectsofthe
changeinminimumdragcoefficientfranthechangesintheliftcoef-
ficientformintiumdragandrateofdragrisewithliftcoefficient.

As shownintable111,at a ReynoldsnumberofO.&tmillionthe
measuredvaluesofminimumdragcoefficientindicatea decreasefrom
0.0160forWF--53to0.0140forWF-63C.Thischangeappearstobe
primarilya resultofthereductioninwingthicknessfrcm6 to 5
yercent.As wasnotedinreference2, thetheoreticalwin&thiclmess
pressuredragofthewingofWF<3 isapproximately0.0047.Siwe
thelineartheoryindicatesthatthiscomponentoftheminimumdrag

.
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coefficientvariesas (t/c)=,a largepart(approximatelyO.0014)
oftheexperimentallyobservedminimumdrag+oefficientchangecan
be attributedtothereductioninwingthickness.Theremaining
differenceisprobablyassociatedwitha reductionintheskin
friction,theseparationpressuredragfortheWF~3c configuration,
orwiththeexperhentaluncertainty.

A comparisonofthedisplacedWF&3c dragcurvewiththatfor
WFA3(fig.6) showsthat,at liftcoefficientsnearthatformaximum
lift-dragratio,~ isconsiderablylessforWF-63cthanforWF-63.
Thisreductioncanbe attributedtothedisplacementoftheminimum
ofthedragcurvetoa positiveliftcoefficientanda decreasein
therateofriseofkhedragcurve.Theincreasein C

%l=min ‘s
causedby thecamberandtwistandissimilarto thatobtainedat
subsonicspeeds,Thedecreaseindrag-risefactor(equation(3))
isassociatedwitha reductionintherearwardinclinationofthe
changeintheresultantforcevector,as indicatedby thevaluesof
ka h tableIII,andalsowiththepreviouslymentionedslight
increaseintheaveragelift-curveslope.

Liquid-filmtestsweremadewithbothconfigurationsat a lift
coefficientof0.21todetermineanychangeinboundary-layerflow
associatedwiththeobservedreductionin ~. Thesetestswere
madeata slightlylowerReynoldsnuniber(0.62million)wherea
similarreductionin ~ wasnoted.Theresultsarepresentedin
figure7 whichshowsthatlaminarseparation,occurredontheupper
surfaceofbothwings,butwiththewingofWF-63Cthetotalarea
of separatedflow,particularlyneartheleadingedge,wasreduced.
Thisreductioninleading-edgeseparationwouldbe expectedtoreduce
themagnitudeof ~ sinceitisprobablyaccompaniedby a smaller
lossinleading+dgesuctionforce.Itshouldbe notedparticularly
thatthewingcamberandtwistwereeffectiveinreducingleading-
edgeseparationontheoutboardwingsections.

Anotherfactorwhichisprobablyassociatedwiththereduction
of MD atliftcoefficientsbelowtheoptimumforWF-63Cisthe
reductioninwingthicknessanditseffectindelayingtoa higher
liftcoefficienttheoccurrenceof shockstall.However,thelack
ofexperimentalpressur~istributimmeasurementsforbothwings
preventsan evaluationofthemagnitudeofthiseffectwhich,in
theanalysisoftheforce-testresults,cannotbe isolatedfrom
similareffectsexpectedofcemiberandtwist.

*

.

.

.

.
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Maximumlift-dragratio.- Figure6 showsthelift-dragcurves
obtained.withthetwoconfigurationsdiscussedinthepreceding
sections.Italsoshowsanadditionallift-dragcurvewhichcanbe
usedtoseparatetheeffeotsofthechangeinminimumdragcoefficient
fromthatdueto changesintheliftcoefficientforminimumdragand
rateof*g rise. Thislift-dragcurvehasbeendeteminedfromthe
WF--53Cdragcurvethatwasdisplacedas previouslydiscussed.The
experimmtaldatashowthatan increaseinmadxmlmlift-dragratio
from7.2and8.3resultedfromtheuseof thecaribered,twisted,
thinnerwing. Thesupplementarycurveindicatesthatthisimprovement
resultstoanapproximatelyequaldegreefromthereductioninminimum
dragcoefficientandfromtheccmhinedeffectofthedis@acementof
theminimumof thedragcurvetoa positiveliftcoefficientandthe
reductf.onindragrisepreviouslydiscussed.

Pitchingmoment.-Theeffectofthecamiberandtwistonthe
variationofpitching~entcoefficientwithliftcoefficientcanbe
seeninfigure5,wherethemomentcoefficientshavebeencomputed
withthemomentreferenceaxisat 25 percentofthemeanaerodynamic
chord.Alsoincludedaretheapproximatevariationsofthecenterof
liftforthetwoconfigurations.Thesevariationsweredetermined
fromthemomentdataby thefollowingequation:

x-=
E

Theterm

()
h, hasbeenincludedinthis

Z L=O
xtheresultingvaluesof n areequal(inpercentof
c

dynamicchord)to thedistancesfromthemomentaxis

(4)

equationso that

themeanacre

tathecenter
of thelift. If theterm

()
%1 isomitted,thevalueof

x
T L=O

E givesthepositionof thecenterofpressurewitha valueofinfinity
c
beingobtainedat zerolift. It shouldbe
givestheaerodymunic-centerlocationwhen

notedthatequation(k)
therightAandsideisa
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constantthroughoutthelifl+ooefficlentrange;thatis,incases
wherethemomentmrve islinear,thecenter+f-liftpositionremains
fixedthroughoutthelift-coefficientrange.

.

.

Consideringboththepositiveandnegativerangesoflift
coefficient,figure5 showsthatWF~3c at thisReynoldsnuniberhas
a slightlygreatertotalcenter-of-lifttravel.However,inthe
positiverangeofliftcoefficientsnear cLopt thereisa favorable
reductionintherateof ohangeof oente~f-liftpositionwithlift
coefficientforWF-63c.Therelativelylargechangesin cente~f-lift
looationnearzeroliftwithbothconfigurationsarebelievedtobe
duetotheeffectsoflaminarboundary-layerseparation.As will be
discussedlater,thesechangesmaybe expectedtodeoreaseathigher
Reynoldsnumbers.

EffectsofSweep

Figures8, 9, and10presenttheexperimentaldataforthe
osmbered,twistedwingconfigurationswithleading-edgesweepangles
of 63.00,67.00,and70.Oo.Thevaluesoftheaerodynamicparameters
determinedfromthesedataarelistedin tableIIIforallReynolds —

nunibersinvestigated. .

Thedecreaseinlift-ourveslopewithincreasedsweepobsened
withtheseconfigurations(fig.8) is similartothatobtainedin
reference2 withthesymmetriowingconfigurations,whereitwasnoted ●

thatthistrendisindicatedby thelineartheory.Thevariationsof
minimumdragcoefficientanddrag-risefactor(fig.9)arealso

—

similarto thosenotedintheearlierinvestigation.Thedecreasein
minimumdragooeffioientiscausedhy a decreaseinwing-thickness
pressuredragwithinoreasedsweep.Theincreasein drag-risefactor
withincreasedsweepisprimarilyassociatedwiththedecreasein
lift-ourveslope.As a resultofthesetwoopposingvariationsof
dragwithsweep,thereisan optimumleading-edgesweepanglefor
maximumlift-dragratio.As inreference2, theoptimumangleinthe
presentinvestigationwasfoundtobe near670forthistypeof
configurationat a Machnumberof1.53.

Separationofthelaminarboundarylayerat thelowtestReynolds
numberscausedrelativelylargeohangesinoente~f-liftlocation
withchangesinliftcoefficientforallconfigurations.Theseohanges
areshowninfigure10. Theeffectsofseparationaremostpronounced
at lowliftcoefficientsforallconfigurations,as is indicatedby
thelargeohangein oente~f–lfltpositionwithliftcoefficientnear
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zerolift. Parts(a),(b),and(c)offi~e 10 showtheeffectof
sweeponthepitching+nmentcharacteristicsofthethreeconfigurations
fora Reynoldsnumberof0.62million.

EffectsofRemoldsNumber

SincethepresentseriesoftestswereperformedaljlowReynol&!
numbers,theresultsarenotdirectlyapplicabletofull-taledesi~
studiesbecausetheeffectsofReynoldsnumberareapparentlylarge.
However,thetitsdopermitsomepredictionstobemadeofthetrends
athigherRe~oldanumbers.lIquatiaus(1)and(2)showthatthe
maximumlift-dragratioofeachconfigurationdependsuponthevalues
ofminhmmdragcoefficient,dra~ise factor,andliftcoefficient
forminimumdrag.An examinationofthevalueslistedintableIII
showsthatincreasingtheReynoldsnumberwiththeW?~3c andWF-67C
modelsproducedfavorablechangesofalloftheseparameters.

Thereductionin ~n withincreasedReynoldsnumberis
similartothatdiscussedin reference2,whereitwasobservedthat
a decreaseintheareaofseparatedflowcauseda decreaseinthe
separationdragat zerolift. !RIisfavorehleeffectshouldcontinue
withincreasedReynoldsnuder,sincetransitionoftheiaminar
boundarylayerto turbulentflowmaybe e~ectedonthebasisof the
liquid-filmtestresultsofreference9.

Thereductioninthemagnitudeof thedrag+isefactorobserved
inthepresentinvestigationwouldalsobe expectedto continuewith
increasedReynoldsnumber,particularlyifturbulentflowwereobtained
overtheforwardpartofthewing. Withturbulentboundary-layerflow,
theseparatedareaobservedon theoutboarduppersurfacenearthe
trailingedgeoftheliftingwing(fig.7)wouldbeexpectedtodecrease
andhenceto reducethepressurehag. Theexperimentalwing~ressure
dragisalsoassociatedwit.htheextentoftheseparationbubble
neartheinboardleadingedgeoftheuppersurface.Subsonictests
(reference10)haveshownthatthechordwiseextentofthisseparated
areaisreducedwithincreasedReynoldsnumber,sincereattachment
of theturbulentboundarylayeroccursfartherforwardon thewing.
Thisreductioninseparationisaccompaniedly a decreaseinthe
pressureoverthewingleadingedgewhich,particularlywhenrealized
witha roundedleading+dgeairfoilsection,willalsoresultina
decreaseinpressuredrag.Althoughno significantchangein lift-
curveslopewasobservedinthepresenttestsas a resultof increasing
theReynoldsnumber,itisprobablethata decreaseintheareaof
separatedflownearthetrailingedgewillresultin someimprovement
of thischaracteristicandconsequently,as shownby equation(3)j
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wouldcausea furtherdecreaseinthedrag-risefactor.

IncreasingtheReynoldsnumberwithWF~3c andWF47C inoreased
thevalueOf fiD.~n as is shownintable111. Thisfactsuggests
furtherincreasesathigherReynoldsnumbers.However,becauseof the
unknowneffectsofcamber,twist,andseparationat theselowReynolds
nunibers,itisdifficulttoesthmtethechangetobe expectedatfull-
scaleReynoldsnumbers.

Theeffectof increasedReynoldsnumberon thevaluesofmeximum
lift-dragratiooftheWF-63CandW&67c configurationsis shownin
f@ures9(a)and(b).WithW?-630,valuesof (L/D)E of 7.3and
8.3wereobtainedatReynoldsnumbersof0.62and().84mf~ion,
respectively.WiththeWl?-67cconfiguration,valuesof 6.6,7.7,and
9.0wereobtainedatReynoldsnumbersof0.31,0.62,and0.95million,
respectively.Itappears,therefore,thatIncreasesinReynolds
numberbeyondtherangeof thepresentinvestigationwillprobablybe
accompaniedby furtherincreasesinmaximumlift-dragratio.

Inviewoftheexpectedchangeinboundary-layerflowathigher
Re~oldsnumbers,thepitching+umentohamcteristicsofthesmall-
scaleconfigurations,whichhadlargeareasof separatedflowatall
liftcoefficients,areofquestionablequantitativevalue.Itmaybe
expectedthatIftheI.aminarsepantionareasareeliminated,or
considerablyreduoednearzeroliftathigherReynoldsnudbers,the
relativelylargechangeincenter-of-liftpositioninthisrange
(fig.10)willalsobe reduced.Thisyossibleimprovementisindicated
whenthecente~f-liftcurvesoffigures10(d)and(e)arecompared
withthoseoffigures10(a)and(b). At thehigherReynoldsnunibers,
withtheWFA3C andW?-67Cconfigurations,“therearwardshiftof the
oenterof liftneara liftcoefficientof0.10isalsoreduced.This
shiftocourswhentheboundarylayerseparatesnearthewingleading
edgebecausethese~rationresultsina deoreaseinthenegative
pressuresonthefozwardpartof theuppersurfacebf theinboard
sections.Consequently,thereductioninthisrearwardshiftwith
increasedReynoldsnumberisattributedtoa decreaseintheohordwise
extentoftheleading-edgeseparationbubblebecausesuoha change
wouldcausea smilerdecreaseinthenegativepressurepeaknearthe
wingleadingedge.

CONCLUDINGREMARKS

Theresultsoftestsmadeata Machnumberof 1.53witha wlng-
fuselageoomhination.am@oyinga caaiberedandtwistedwingwith630

.
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leading-edgesweepwhenmm-paredwithresultsobtainedwitha similar
configurationusinga thiukerwingwithno camberortwisthaveshown
an increaseinmax- lif%dragnatiofrom7.2to8ti3 ata Reynolds
nuder of0.84million.Thisinoreaseresultedfroma decreasein
~ dragcoefficient,a displacementoftheminimumofthedrag
curvetoa positiveliftcoefficient,anda slightdecreaseinthe
rateofdragrise. Thetotaloente=f-lifttravelwiththecemher*
twisted-wingconfi~tion wasslightlygreaterthanthatwiththe
symmetricalwing,butthechangeincente~f-ldftlocationwithlift
coefficientwasreducedatvaluesnearthatformaximumlift-drag
ratio.

Additionaltestsconductedwithconfigurationshavingcamibered
andtwistedwingswith6P and70°leading+dgesweepat a Reynolds
numberof0.62millionindicatedtheleading-edgesweepanglefor
meximumI.ift%iragratioat a Machnumberof1.53wasapproxktely
6P. Thesetestsalsoshowedthat,withincreasedsweep,thelift-
curveslopeandminimumdragcoefficientwasdecreasedandtherate
of dragrisewithliftcoefficientwasincreased.

Testsmadewiththeconfigurationsemployingwingswithleading–
edgesweepanglesof 630and67oto studytheeffectsofReynolds
numbershowedthatwithincreasedReynoldsnuniberthevalueof
maximumlift-dragratiowasinoreased.At 63°sweep,valuesof 7.3
and8.3wereobtainedatReynoldsnumbersofO.& and0.84million,
respeotivelyjandat 6P sweep,valuesof 6.6,7.7,and9.0were
obtainedat Reynoldsnunibersof0.31,0.62,and0.95million,
respectively.Theseresultsindicatethatfurtherimprovementat
full-scaleReynoldsmmibersmaybe expected.IncreasingtheReynolds
nurciberwiththe63oconfigurationalsoproduceda favorablereduction
intotalaente~f-1.ifttmvelwithliftcoefficient

AmesAeronauticalLaboratory,
Natio=lAdvisoryCommitteeforAeronautics,

MoffettField,Calif.

$



1.

2.

3*

4.

5*

6.

7*

8.

10●

Jones,RobertT.: EstimatedLift-DragRatiosatSupersonicSpeed.
NACA~~0. 1350,1947.

Madden,RobertT.: AerodynamicStudyofa Wh@?usel&ge
(bibinationEnployinga WingSweptBaok630.-Charaoteristios
at a MaohNumberof1.53InoludingI!YfeotofS=11 Variationsof
Sweep.NACA~ HO. A8J04,1949.

MoCornmk,GeraldM.,andWalling,WalterC.: AerodynmnioStudy
ofa Wing+Fuselage(XxibinatlonEmployinga WingSweptBaok630.-
Investigationofa Iarg+oaleModelatLowSpeed.NACARMNo.
A8D02,1949.

Reynolds,RobertM.,andSmith,DonaldW.: AerodynamicStudyof
a Wing-iFuselageCkmibinationEmployinga WingSweptBaok630.-
SubsonioIkmhandReynoldsMmber EffeotsontheCharaoterlstios
oftheWingandon theE!?feotivenessofanEleven.IfACARM
IVo.A8D20,1948s

VanDyke,MiltonD.: AerodynamicCharaoteristiosInoludingSoale
EffeotsofSevezalWingssadBodiesAloneandinCombinationat
a Woh Thmiberof 1.53.llACAFM l’?o.A6E22,1947.

Vfnoenti,WalterG.,IUehen,Jaok,N.,andKtteson,FrederickH.:
Investi@tionofWingCharaoteristiosata Maohl?u?iberof1.53.-
I- Triangul.arWingsofAspeotRatio2. ~~~~0. A7110,1947.

Abbott,IraH.,vonDoenhoff,AlbertE.,andStivers,LouisS.,Jr.:
SummaryofAirfoilkta. NACAACRNo. LX05, 1945.

Vinoenti,WalterG.,VanDyke,MiltonD.,andMatteson,FrederiokH.:
InvestigationofWingCharaoteristiosat a MaohNumberof 1.53.
11-SweptWtngsofTaperRatio0.5. NACARMRG.A~05, 19~.

Frick,CharlesW.,andBoyd,JohnW.: InvestigationatSupersonic
Speed(M= 1.53)ofthePressureDistributionOvera 63oSwept
AirfoilofBiconvexSeotionatZeroLift. ~c.A~~0. A&22,
lg48.

vonDoenhoff,AlbertE.,andTetervinSNeal: Investigationoftie
VariationofLiftCoefficientwithReynoldslimberata Moderate
AngleofAttaokonaLow-Dm.gAirfoil.NACACB,NOV.1942.

.

.

w

.

.



.

T!lumI.–

00

~,~ qJ,~
— —
0 0
.5 .W
.75 .488

1.- .61J5
2.50 .847’
5.001.166
loo 1.599
20,0 2.13,
30.0 2.413
40.0 2.499
50.0 2.354
60.0 2.032
70.0 l.m
80.0 l.ql
90.0 .91
100.0 .011

!cAmEoI’mmwI!EsmRAIRmrL sJmmm mom INmm 3

o
.4740.438
.726 .336
1.221 .6$X)
2.k63 .984
4.s6 1.401
9.959I.*
19.*4 2.7B
29.9743.138
39*99Q3.297
W.0003.179
60.0102.828
70.0152.33
80.0151.&59
90.015.927
loo.oca---

‘L I ‘L

o 0
.526-.366
.778-.433
1.283-.536
2.535-.706
5.039-.98
10.041-1.2SL
20.036-1.530
30.026-1.685
40.010-1.700
50.00-1.530
:;.g -::::

79:985-.479
89.985-.l’yj
LOO.000---

02

% Yu ~ YL
—

0 0,0.4.690.457 .532-.357
.n3 .557 .788-.419
1.208 .720 1.295-*5W
2.kk71.026 2.*7 -.663
4.9441.477 5.056-.851
9.9442.10310.056-1.089
19.9562.9= 20.044-1.345
29.9693.37330.03-1.458
39.9873.54a40.013-1.446
50.0003.43650.000-1.270’
60.0133.o@ 59.987-.982
70.0192.547 69.981 -.632
80.0251.85279.975-.A!fl
90.0191.04589.981-.031
100.OOO--- 100.OOO---

.

Ibte:KU valuesem givenh percentchord.
Forallsectione:L~dge radius= O.1~. tmmh%-cageradius= 0.014.



I

TAmE I.- Concluaed

Cs

‘IJIYUIXLIYL

0.4700.462 0.533
.709 .557 .788

1.a12 .-(25 1.9
2.444 1.043 2.556
4.9441.497 5.056
9.9442.15010.056
19.322.97820.048
29.9683.44730.032
39.9843.63940.o16
50.0003.52750.000
60.0163.16959.984
70.02k2.62769.976
80.0241.91.I.79.976
90.o161.09189.984
100.OOO--- lCO.O(XJ

-0.350
-.414
-.502
-.645
-.828
-1.051
-1.290
-1.3’77
–1.36I.
-1.ti6
-J@
-.557
-.223
.008

---

Xu lyul~l~L
0.470
.’m

1.204

f:x
9.945
19.956
29.967
39.m
50.m
60.oIJ.
70.022
80.022
90.022
LOO.@2Q

0.46C
.55e
.722
1.035
1.489
2.144
2.976
3.4=
3.6a
3.512
3.tiz
2.6o11
:.9$
.:

---

0.536

l:r?
2.549
5.055
10.055
20.04.4
30.033
40.022
50.000
59.989
69.978
79.978
$.9J

.

-0.350
-*W5
-.503
-.646
-.832
-1.050
-1.@l
-1*%J9
-1.*
-1.193
-.908
-.569
-.230
.O1.1

---

;r

C5

Xu Yu ~ ~L

0.4730.455 o:~g-Q.350
.7’18.560 -.420

1.208 .’cL8M278 -,508
2.4521.033 2.557 -,648
4.9561.494 5.061-.823
9.9652.u9 10.070-1.068
19.94.72.96020.053-1.313
S.*5 3.41!530.035-1.419
39.*22.6084.o.o18-1.401
50.0003.485yl.000-1.208
60.0183.13559.982-.928
70.0182.59269.982-.595
80.018l.@n 79.982-.245
90.0s31.06889.982-.018
LOO.(XX3--- U!O.000---

Rote: AU value=aregiveninperoent ohord.
For all motions: Leading-edgermlhm= O.in. llralllng-edgeraUluE= 0.014.

.

‘2
s’

. , ,, ●



TABliEII.-smwRYoFGEammIc PmPEEiTIE3OFWRus

Gfonfigu- AL.E. * E zg t $J Ma ~
rat iorl (deg) (sqsin. ) ~ (in. ) (~no ) ~ o

WF-63C 63.0 3.46 7.w 0.25 1.6301.4530.05C040.0 0.69 0.59

wl?-670 67.0 2.75 7.270 .25 L 833 1.@6 .04.4341.5 .6 .4g

w?-po p.o 2.22 7.516 .25 2.0781.841 .039642.6 .y .42

Note: The aspect ratios” snd mean geometric chorik are based on the wing ems
lncludlng that blanketed by the fuselage. The taper ratioa and mean gemetrlc

* ●

ohorda negleot the slight rounding of
straight I.lnea paml.lel to the Strom
actual tip contoum.

the wing tips by assuming them to be
direotion and tangent to Me outemmt
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TmLE In.- smM&RroFREmJL!E3

configu-

ration

wF-63a

HF47C

WFpo

Lift

R (%%~ (%).,, ~~ C%, ~n T*I , *t ;= ‘%:
o~[nuuion) (p. deg) (per dw3) (d’=)

O.&
0.043 0.045 ~.~ o.Olz 0.005 0.314 0.78
(.051) (.051) (.185) (.%)

~.3 0.24

.84
I

.043

I

.045

I
.0140

I

.289
(.051) (.051) 1“2 .010 (.185) I(:;) 8“3

.23

.3J-
.038 .043 .436 .99

(.043) (.043) ~“2 .0133 .002 (.lg6) (.48) 6“6 .19

.62 .038 .043 1.2 .OI.23 .010 .$1
(.043) (.043) (.196) (:8) 7.7

.19

-95
I

.038
I

.043
I

.01.I.6
I

.33
( .043) (.ok3) 1“2 .015 (.196) I(:G) 9.0 I

.20

ReeIiLtB from refemme 2

WF-53 .&l .038 .045 0.0 . 3WI.0160 y::, .74
(.051) (.QZ) (.0) (.185) (.9) 7“2

.21

mote: Hhere theoreticalvalues have been determinedthey are indicatedh Xe@is Lirectlybelow
the experimentalresult.
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